Recent achievements in the area of tissue 9 engineering (TE) have enabled the development of three-10 dimensional (3D) cell-laden hydrogels as in vitro platforms 11 that closely mimic the 3D scenario found in native tissues. 12 These platforms are extensively used to evaluate cellular 13 behavior, cell−cell interactions, and tissue-like formation in 14 highly defined settings. In this study, we propose a scalable and 15 flexible 3D system based on microsized hydrogel fibers that 16 might be used as building blocks for the establishment of 3D 17 hydrogel constructs for vascularized bone TE applications. For 18 this purpose, chitosan (CHT) coated κ-carrageenan (κ-CA) 19 microfibers were developed using a two-step procedure 20 involving ionotropic gelation (for the fiber formation) of κ-CA and its polyelectrolyte complexation with CHT (for the 21 enhancement of fiber stability). The performance of the obtained fibers was assessed regarding their swelling and stability 22 profiles, as well as their ability to carry and, subsequently, promote the outward release of microvascular-like endothelial cells 23 (ECs), without compromising their viability and phenotype. Finally, the possibility of assembling and integrating these cell-laden 24 fibers within a 3D hydrogel matrix containing osteoblast-like cells was evaluated. Overall, the obtained results demonstrate the 25 suitability of the microsized κ-CA fibers to carry and deliver phenotypically apt microvascular-like ECs. Furthermore, it is shown 26 that it is possible to assemble these cell-laden microsized fibers into 3D heterotypic hydrogels constructs. This in vitro 3D 27 platform provides a versatile approach to investigate the interactions between multiple cell types in controlled settings, which 28 may open up novel 3D in vitro culture techniques to better mimic the complexity of tissues.
allowed to harden in the coagulation bath for about 10 min, sufficient 136 time for them to retain the shape. Finally, the fibers were washed with 137 phosphate buffered saline (PBS) in order to remove the excess of salt. 138 Fibers obtained with needles of 25G and 27G were selected for all the 139 subsequent assays. 140 2.2.2. Optimization of the pH of the CHT Working Solution. 141 Chitosan dissolves in acid solutions, which limits its use in the presence 142 of living cells. Previous studies 36 have shown that βGP, a weak base, 143 increases the pH of CHT solutions, without jeopardizing its solubility. 144 Therefore, in order to establish optimal conditions for the incorporation 145 of cells, while enabling PEC, a curve of variation of pH with the addition 146 of βGP to the CHT solution was obtained. For this purpose, a CHT 147 solution was prepared by dissolving CHT in a 1% (v/v) acetic acid 148 solution at a final concentration of 0.5% (wt/v). In order to determine 149 the degree to which the addition of βGP affects the overall charge of 150 CHT solution, zeta potential measurements were performed using a 151 Malvern Zeta Sizer Nano ZS (Malvern Instruments, UK). Each sample 152 was diluted in ultrapure water at a concentration of 0.1% (wt/v) and 153 analyzed at 25°C for 60 s. (1) 179 The final diameter of the hydrogel fibers was also measured applying 180 software-measuring tools ( previously established protocols and with the informed consent of the 232 2.6. Characterization of the Constructs. 2.6.1. Microscopic 233 Analysis. Variations in the shape and diameter of the developed cell-234 loaded fibers (with or without CHT coating), as well as the potential 235 outward migration of the cells to the culture well, were examined using a 236 stereomicroscope (Stemi 1000, Zeiss, Germany) along the time of 237 culture. 238 2.6.2. Live−Dead Assay. At preselected time culturing points (1, 7, 239 14, and 21 days), cell-loaded fibers were washed with PBS and incubated 240 with 4 μM calcein-AM (Invitrogen, USA) for 40 min followed by 10 min 241 incubation with 1 μM propidium iodide (PI, Invitrogen, USA). Samples 242 (n = 3) were then washed and fixed for 40 min in 10% formalin. After 243 fixation, samples were washed with PBS and cell nuclei were 244 counterstained for 20 min with 4,6-diamidino-2-phenyindole dilactate 245 (DAPI, Sigma, Germany) and then washed three times with PBS. 246 Representative fluorescent micrographs were acquired using the 247 Axioplan Imager Z1 fluorescence microscope (Zeiss, Germany) and 248 the AxioVision 4.8 software (Zeiss, Germany). The quantification of 249 cellular viability was measured by applying software-measuring tools 250 (NIH ImageJ software, http://rsbweb.nih.gov/ij/) to at least three 251 micrographs of each sample. Thus, we aimed to develop hydrogel microfibers by making 301 use of a simple and straightforward procedure that enables cell 302 encapsulation in a controlled distribution pattern, without 303 jeopardizing their phenotype and functionality. Among the 304 natural origin polymers, such as alginate, 14,13 collagen, 15 gellan 305 gum, 16, 39 or hyaluronic acid 40 that have been used to obtain 306 fibers through wet spinning technique, κ-CA stands out due to its 307 GAG-like features, reversible temperature and ionic gelation 308 properties and intrinsic sheer thinning behavior, particularly 309 thixotropic. This means that upon applied stress the organization 310 of κ-CA chains is disrupted, but it will reset once the deformation In the present study, the possibility of producing κ-CA fibers 319 with different diameters was first investigated. To obtain the fiber 320 shape, κ-CA was extruded directly into the coagulation bath, 321 where the cross-linking of the polymer solution occurred. 322 Variation of the diameter depended on the needle gauge used to 323 f1 extrude the κ-CA solution into the coagulation bath ( Figure 1A ). With the addition of βGP, the CHT solutions reach physiologically relevant conditions (pH 5.5−6). Above this point the precipitation of CHT occurs (dark gray area). (B) With the addition of βGP, the zeta potential of CHT solution is dramatically affected. The zeta potential of κ-CA solutions, measured at pH = 5.5, was used as reference (approximately −40 mV). Values reported correspond to n = 10. (C) Schematics of the production of CHT coated κ-CA hydrogel fibers. The process involves the formation of fibers by ionotropic gelation in a KCl coagulation bath, followed by their immersion in an optimized CHT solution. (C1) The presence of the CHT coating was confirmed by staining the fibers with Eosin Y which specifically binds to CHT. 324 Using needle gauges ranging from 18 to 27G, it was possible to 325 obtain fibers with different diameters, directly proportional with 326 the internal diameter of the needles (838−210 μm). The fibers 327 produced within these settings had a diameter ranging from 500 328 to 1250 μm ( Figure 1B) , making them appealing for further 329 applications. 13,14,43 These trends were in agreement with 330 previous reports for hydrogel fibers obtained via wet spinning 18 331 or other techniques. 14
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Taking into consideration that a microsized architecture 333 enables nutrients and oxygen diffusion, crucial for the cellular 334 performance, we decided to further explore the potential κ-CA 335 fibers with the smallest diameters, obtained by the extrusion of κ-336 CA solutions through the 25G and 27G needles. 337 3.2. κ-CA Fibers Can Be Coated with CHT through 338 Polyelectrolyte Complexation. Although encouraging results 339 have shown the potential of using κ-CA in TE applications, the 340 ionically cross-linked κ-CA hydrogels exhibit high swelling ratios. 341 It is possible that the culture medium destabilizes the physically 342 cross-linked network, as a result of the uncontrollable and 343 permanent exchange of K + ions with other positive ions present 344 in the physiological environment. 24 This allows the inner 345 network to continuously expand, and consequently become 346 loose and mechanically weak. 25, 44 If one envisions the prolonged 347 culture periods or the maintenance of initial microfeatures of the 348 hydrogels, such as shape, size, and stability, the reinforcement of 349 the structure is an impetus. 350 Several methodologies have been employed, 18,25,27 including 351 the formation of polyelectrolyte complexes formed by the ionic 352 interaction between oppositely charged polyelectrolytes. We 353 hypothesized that, by coating the κ-CA hydrogels fibers with 354 CHT, we would be able to stabilize the fibers structure. CHT, a 355 β-1,4-linked D-glucosamine and N-acetyl-D-glucosamine, is one 356 of the few positively charged natural-origin polysaccharides and, 357 thus, is widely used as a polycation for the formation of 358 polyelectrolyte complexes. Additionally, its appealing properties 359 such as biocompatibility, biodegradability, low toxicity, and 360 relatively low production cost from abundant sources endorse its 361 use for TE strategies. 45
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Since the amino groups of CHT have a pK a value of 6.5−6. week base, βGP, 36 to the solutions. We noticed that, by gradually 381 adding βGP to the CHT solutions, the pH slowly increased 382 f2 without evident signs of precipitation ( Figure 2A ). Nevertheless, 383 upon reaching the pK a value, precipitation occurred. 384 One concern associated with the increase of pH was that the 385 amino groups of CHT would be deionized, which would weaken The formation of the polyelectrolyte complexes relies on the 401 interaction between the available negatively charged sulfate 402 groups of κ-CA and the protonated amino groups of CHT 403 ( Figure 2C) . Thus, the immersion of κ-CA fibers in the 404 optimized CHT solution led to the formation of a localized CHT 405 nanosized layer, which was in agreement with previously 406 published data. 29−33 The presence of the CHT coating was 407 confirmed by the intense pink coloration observed only on the 408 coated fibers after staining with Eosin Y, which specifically stains 409 CHT 48 ( Figure 2C −C1 inset). From a practical standpoint, 410 CHT coated fibers, when compared with the uncoated fibers, 411 were easier to separate and handle despite their small diameters. The structure of the uncoated fibers is not stable and disintegrates after 21 days (A1-A3-A5), while the CHT coating exhibits a protective role that hinders the disintegration of the fibers and therefore enhances their stability (A2-A4-A6). (B) The presence of CHT was evaluated along time by tracing the amounts of nitrogen (from the −NH 2 groups of CHT) present on the surface of the fibers. The element was detected until day 21, suggesting that CHT was still present on the fibers. The defined squares in the SEM micrographs represent the area where the magnification and elemental analysis were performed.
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Article dx.doi.org/10.1021/bm500036a | Biomacromolecules XXXX, XXX, XXX−XXX However, CHT coated fibers exhibited a stable swelling ratio 434 over time, significantly inferior to that of the uncoated fibers (p < 435 0.001). This behavior can be due to the strong protective coating 436 layer, preventing the fiber swelling. A similar behavior was 437 described in other studies, concerning the use of CHT in 438 combination with alginate to form a layer of wrapping alginate 439 beads for the controlled release of drugs. 29 440 As a consequence, the diameter of CHT coated fibers was 441 maintained constant over time, while the uncoated fibers 442 exhibited an increase in their diameter ( Figure 3B ). Even 443 more, in terms of manipulation, the uncoated fibers became soft 444 and easy to break, while the coated ones were stable over the long 445 term and easy to handle, without obvious damage to their 446 integrity. 447 The closer evaluation of the fiber morphology by SEM 448 revealed that the uncoated fibers started to lose their integrity fibers (Figure 6) . A slight decrease in cellular viability was 502 noticed, so that by day 21, viable cells comprised 60% of the total 503 cells (SI Figure 2) . However, this drop was not as significant as 504 reported in previous studies that associated this outcome with 505 the slow diffusion of nutrients caused by the sample thickness 506 and/or cross-linking mechanism. 25,55,56 It might be due to the 507 fact that fiber-shaped hydrogels were characterized by a larger 508 surface area than disc shaped units, and as a consequence, a faster The assessment of cell viability (live (green)/dead (red)) 24 h after encapsulation shows that the cells were not affected by the processing method, nor by the size and CHT coating of the fibers. Cell nuclei were counterstained with DAPI (blue). 509 diffusion of nutrients and oxygen to the core of the sample could 510 occur. 57 It has also been suggested that the ions needed for 511 hydrogel formation may influence the cellular viability; never-512 theless, the fibers reported herein are formed via a partial cross-513 linking process, by shorter exposure times to K + treatment than 514 previously reported. 18, 58 The additional CHT coating, that was 515 shown to prevent the fibers from swelling, did not affect viability. 516 From the SEM images it was possible to notice that the CHT 517 layer was displayed as a mesh wrapped around the fiber, 518 preventing it from swelling, but enabling diffusion. 519 The optical analysis of the cell-loaded uncoated fibers showed 520 an increase in their diameter and subsequent disintegration, in 521 agreement with the results obtained with acellular fibers. 522 Concisely, at day 7, uncoated fibers were intact, with a well-523 delimited smooth surface; however, at day 14, they presented 524 signs of disintegration. This allowed the entrapped cells to 525 "escape" from the fibers and adhere to the well and proliferate 526 (Figure 6A1−C1) . In opposition, the CHT coating delayed the 527 disintegration of fibers, as they maintained their initial diameter 528 At day 14, cells escaped the uncoated fibers and small endothelial-like colonies could be observed at the bottom of the well. By day 21 (C1), fibers lose their integrity (arrows), allowing further release of cells into the well plate. Contrarily, the CHT coating (w/CHT) delayed the disintegration of the fibers, hence the release of the cells (B2 and C2). At day 21, the coated fiber diameter did not alter; however, small cracks (arrows) were observed along the fibers allowing the release of the cells. Cell nuclei were counterstained with DAPI (blue). 552 the CHT layer was still permissive to culture medium, allowing 553 the diffusion of its components, as suggested by the subsequent 554 remarkable results concerning the viability and phenotype of 555 encapsulated cells. These findings further demonstrate the 556 potential of using these fibers as EC carriers within different TE 557 constructs. 558 3.5. Cell-Loaded κ-CA-Based Fibers Can Act as Building 559 Blocks within 3D Hydrogel Constructs. In vitro 3D co-560 culture platforms provide a scalable and flexible approach to 561 evaluate the indirect interactions between multiple-cell types in 562 highly defined settings, enabling us to address specific cellular 563 behaviors and the formation of complex tissue-like analogs. 564 Simultaneously, the integration and assembly of cell-laden 565 templates as building blocks within 3D constructs may allow 566 the development of replicas of complex tissues to use in TE 567 approaches. Herein, we proposed a straightforward method to 568 integrate the κ-CA-based fibers enclosing SSEA-4 + hASCs-569 derived ECs, within a 3D hydrogel containing SSEA-4 + hASCs-570 derived osteoblast-like cells, as heterotypic constructs of interest 571 for bone TE. Within this approach, we took advantage of the ease 572 preparation of cell-loaded κ-CA fibers, to recreate the cellular 573 indirect communication at a 3D scale. Thus, cell-loaded fibers, 574 used as building blocks, were assembled within a κ-CA hydrogel f8 575 disc by simply laying them in a Petri dish (Figure 8 ). They could 576 be singled out or stacked in a random or organized manner 577 ( Figure 8A ). When the cell-laden fibers were integrated in a 578 hydrogel disc containing osteoblast-like cells, the formation of a 579 3D heterotypic platform with a defined cellular topography 580 suitable for bone-vascularization strategies was achieved ( 
